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When de-membranated sperms are incubated with a cytosolic fraction of activated frog oocytes the following sequence of events is observed (Lohka & Masui, 1983) . Sperms decondensate, become spherical and are covered with a membrane to form structures resembling regular pronuclei; these pronuclei synthesize DNA for a limited time span; then, recondensation yields structures resembling chromosomes at pro-and meta-phase. Electron microscopic studies show the membrane around sperms to be a complete nuclear envelope with typical pore complexes. In a related preparation (Forbes et al., 1983 ) the envelope around exogeneous DNA was shown to contain lamins. Also, the area density of pore complexes was about the same as in the regular nuclear envelope. We prepared de-membranated sperm from Xenopus laevis and incubated them with a cytosolic fraction of oocytes from the same species (F. Kayne & R. Peters, unpublished work). The sequence of events described by Lokha & Masui (1983) was also observed in our preparations. In addition, we found that the nuclear envelope would bud off from recondensed sperm DNA to form optically empty spheres with diameters of up to 50pm. The permeability of these 'nuclear envelope vesicles' (NEVs) was studied by FM. NEVs were found to be permeable for dextrans up to 17 kDa. Dextrans of 40 kDa or more and BSA were excluded by NEVs. For the smaller dextrans the influx rate constant depended on molecular size in a manner closely resembling NC flux in living cells. When a large dextran was added to the cytosolic fraction before sperm, NEVs were formed with an internal dextran concentration about 5&80% of that in the external medium. The results show that NEVs, formed in cell-free preparations, have permeability properties very similar to those of the regular nuclear envelope. NEVs can be easily loaded with macromolecules to study transport from internal to external phase.
Our results, in conjunction with previous data (for review, see Peters, 1986) , lead to the following conclusions. (i) The nuclear envelope has functions of a molecular sieve with a functional pore radius of about 50 A. The exclusion limit is such that, for many cellular proteins, monomeric subunits but not oligomeric forms can pass. Our 'permeate modification model of nuclear accumulation' assumes that permeation of subunits followed by intranuclear modification yielding impermeable species is a common mechanism of nuclear assumulation.
(ii) NP, other large karyophilic proteins and certain large nuclear viral proteins enter the nucleus by mediated transport through the pore complex. Probably, the 'signal' recognized by the transport mechanism is a short stretch of amino acid residues contained in the mature protein (Smith et al., 1985) . I t has become increasingly clear that understanding the mechanism of electron and energy transfer requires an understanding not only of the structural and catalytic properties of the individual components, but also of the supramolecular organization and the dynamics of the integrated membrane system. The mechanism cannot be separated from the molecular mechanics of component interactions. Our studies in this area initially addressed the question of how cytochrome c might accomplish its task of relaying electrons from cytochrome bc, to cytochrome aa, in the mitochondrial inner membrane. Previous work (Ahmed Ferguson-Miller et al., 1978; Rieder & Bosshard, 1978; Speck et al., 1979) had demonstrated that cytochrome c presented the same surface domain to isolated cytochrome oxidase and cytochrome bc, when transferring electrons, implying that cytochrome c must, at least, rotate to mediate electron flow between these redox partners. Given the small, dipolar nature of cytochrome c, it had also been suggested that this protein might be capable of rapid, two-dimensional diffusion while electrostatically associated with the surface of the mitochondrial membrane (Chance, 1974; Roberts & Hess, 1977; Margoliash & Bosshard, 1983; Froud & Ragan, 1984a,b) . The technique of fluorescence redistribution after photobleaching provides a means of directly testing this idea, as well as determining mobilities of other components of the electron-transfer system and thereby assessing the possibility that the whole process is accomplished by a collisional mechanism based on rapid random diffusion. This latter possibility has become a more important issue in the past few years since it bears on the question of whether there is any direct transfer of protons between proton-generating and proton-utilizing complexes (Ferguson, 1985) .
Our approach to studying lateral mobility in mitochondrial membranes has been to use the edge-bleach technique for fluorescence recovery measurements developed by Koppel ef al. (1 980), to examine diffusion rates in osmotically swollen, inner membranes of giant mitochondria prepared from livers of cuprizone-fed mice. The edge-bleach method has proven advantageous in studying small, spherical membrane structures. Giant mitochondria produced in cuprizone-fed mice have been extensively characterized by ourselves and others, and found to have normal ratios of lipid to protein, normal levels of respiratory chain components, and coupled electron transport (Maloff e/ al., 1978; Hochman e / al., 1982; Bowman & Tedeschi, 1983) .
To measure the lateral mobility of cytochrome c it was essential to prepare a well-defined. singly modified fluorescent derivative that retained all aspects of native activity. Since modification of any residue on such a small protein is likely to affect its behaviour, the least degree of modification was sought. Two fluorescent probes, tetramethylrhodamine and morpholinorhodamine, were chosen because they were relatively polar and therefore less likely to insert themselves into the protein or the membrane, and they were relatively stable. permitting the extensive purification required. From a mixture of derivatized species, many of which were not active or not sufficiently fluorescent, we succeeded in purifying and characterizing a tetramethylrhodamine-labelled cytochrome c that had sufficient fluorescence to permit mobility measurements, and whose kinetic behaviour was very close to that of native cytochrome c (Hochman el al., 1985) . The label was found to be at position 39, a site where modification had previously been shown to minimally affect kinetic behaviour (Ferguson-Miller et al., 1978) . A mixture of three singly modified morpholinorhodamine derivatives that exhibited essentially native activity were also used for diffusion measurements. Monospecific antibodies to cytochrome oxidase were prepared and labelled with fluorescein, to monitor the lateral diffusion of oxidase in the membrane. while commercially available fluorescent phosphatidylethanolamine (NBD-PE) was used to estimate lipid mobility.
The results of lateral diffusion measurements of inner membranes of giant mitochondria with these fluorescent molecules yielded the following d i p s i o n coefficients: cytochrome c, 3.8( 1.6) x 10 "cm-/s; cytochrome oxidase. 1.5(f 1.0) x 10 '"cm'/s; and NBD-PE, 6 . 0 ( f 2 . l ) x 10 'cm'/s (Hochman e / al.. 1985) . The estimates for cytochrome c mobility required the use of a ten-fold excess of cytochrome c over cytochfome oxidase to achieve the necessary fluorescence intensity. Thus, the diffusion rate measured was that of non-specifically bound cytochrome c, presumably associated with the phospholipid bilayer. The measurements were also made at low osmotic strength, to maintain a swollen state of the mitoplasts, and at low ionic strength, to retain cytochrome c in a membraneassociated state. At higher than 25mM ionic strength, this non-specifically bound protein tended to dissociate from the membranes leading to low fluorescence intensities. The diffusion coefficient at 25 mM-Tris/cacodylate was twice that found at 8mM-Hepes (Hochman e/ al., 1985) .
Diffusion coefficients alone cannot answer the question of whether electron transport proceeds by a random diffusion mechanism. T o address this issue, we measured electron-transfer rates under the same conditions used for mobility measurements, and determined the protein and oxidase content of sonicated, washed inner membranes.
On the basis of this information and other assumptions (Hochman e/ al., 1982 (Hochman e/ al., , 1985 we calculated a surface density for cytochrome oxidase of 4 x 10"'monomers/cm2 of inner membrane. Using the equation of Hardt (1979) . a value was derived for the minimal theoretical diffusion coefficient required for cytochrome c to transfer electrons between cytochrome he, and oxidase by a random diffusion mechanism. The value obtained (1-1.6 x 10 9cm2/s) was significantly higher than our measured value, leading to the conclusion that a simple random diffusion mechanism might not be adequate to describe electron transfer. However, a more recent estimate of cytochrome oxidase density in rat liver inner membranes, obtained by a rigorous stereological procedure (Schwerzmann er a/., 1986) , casts some doubt on the basis of this conclusion, since the density they determine is sixfold greater than our estimate. If their value is used in the calculation of a minimal diffusion coefficient, our measured diffusion coefficient for cytochrome c becomes adequate to account for observed rates of electron transfer. Such a conclusion has been reached by other investigators (Gupte et al., 1984) , but there remain compelling reasons for questioning a simple diffusion mechanism.
The diffusion coefficients that we and others (Gupte c / ul., 1984; Hochman e/ al., 1985) have measured must be considered upper limit estimates of mobility since they are determined with swollen inner membranes from which outer membranes, associated protein, and cristae structure have been removed. In native mitochondria. dense packing of protein in matrix and intermembrane spaces is likely to provide significant steric hindrance and protein aggregation (Srere, 1982; Williams. 1983; Schwerzmann e/ (11.. 1986) . Indeed, measurements of rotational mobility in intact mitochondria show at least 50% immobilized complexes (Kawato P I d.. 1980; Muller P I 01.. 1984). Perhaps of greater significance are the measurements of lateral diffusion of cytochrome c performed by Vanderkooi e/ NI. (1985) on intact giant water bug mitochondria. These studies show that 50% of the cytochrome c' is immobilized when present at a 2-5-fold excess over cytochrome oxidase and the diffusion coefficient of the remainder does not exceed 3.8 x 10 "'cm'js, even at high ionic strength. These data, as well as rotational diffusion measurements by the same investigators (Dixit cr u/., 1982), lead to the conclusion that cytochrome c spends most of its time associated with larger complexes, not with the phospholid bilayer. This is in contrast to the conclusions of Froud & Ragan (1984u.h) . whose data suggest that cytochrome c is bound to cardiolipin in reconstituted membrane systems. acting as a freely diffusible pool.
I t is our view that all the available data is compatible with a dynamic aggregate model of the respiratory chain ( Fig. 1 ) (Hochman er al., 1982 (Hochman er al., , 1985 . Since being compatible is far from synonymous with being correct, one might well ask whether this model has any value in predicting or interpreting other aspects of mitochondria1 function besides electron transfer, and whether it is the simplest model that can explain the behaviour of the system. The answer to the latter question is perhaps no. but much as we seek simplicity. complexity in nature seems to be more the rule than the exception.
Regarding the former question, the reversible formation of specific aggregates offers a mechanism for localized proton flow. the possibility of regulating direction and efficiency of electron transfer, and even the means to achieve protein 'chemotaxis' (Skulachev. 1980) . If aggregation occurs in response to a signal such as high localized concentrations of ADP, oxygen or reducing equivalents, then the relevant protein complexes will be immobilized and thus concentrated in that area. The importance of such an effect seems more obvious when there is an interconnecting cellular network of mitochondria (Skulachev, 1980 that n o inner membrane matrix connection exists in the aligned mitochondria of 3T3 cells, and the mechanism of alignment remains a n interesting question. Nevertheless, aggregation as a chemotactic mechanism may still be a n important process in individual mitochondria where micro metabolite gradients may exist.
The question of whether there can be directed flow of electrons or protons is another issue of mechanistic importance that has received considerable attention recently (Boyer, 1984; Ferguson. 1985; Slater ei al.. 1985) . A dynamic aggregate that includes A T P synthetase as well as electrontransfer complexes would provide a mechanism for highly efficient transfer of both electrons and protons, whereas a totally random diffusion process would be less efficient leading to greater evolution of heat. Thus, a regulatory possibility exists for control of heat production in mitochondria by hormonal regulation of the lifetime of aggregate states.
In conclusion, although maximal diffusion rates of individual respiratory chain components may be compatible with a random diffusion mechanism, there is strong evidence for the existence of aggregates in the native mitochondrial membrane. Whether o r not these are specific, functional, or have a physiological regulatory role are issues that need to be addressed.
